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454a Tuesday, February 18, 2014magnitude larger than isometric force development in vivo. The difference is
mainly accounted for by the compliance of the trap (7 nm/pN), which implies
that to develop the steady force the motor ensemble drives 350 nm of actin
filament sliding. Supported by Italian Institute of Technology-SEED, project
MYOMAC (Genova).
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Large-Scale Modulation of Titin Elasticity by S-Glutathionylation of
Cryptic Cysteines
Jorge Alegre-Cebollada1, Pallav Kosuri1, David Giganti1, Edward Eckels1,
Jaime Andre´s Rivas-Pardo1, Nazha Hamdani2, Wolfgang A. Linke2,
Julio M. Ferna´ndez1.
1Columbia University, New York, NY, USA, 2Ruhr University, Bochum,
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The giant elastic protein titin is a determinant factor in how much blood fills
the left ventricle during diastole, and thus in the etiology of heart disease. Ti-
tin has been identified as a target of S-glutathionylation, an end product of the
nitric oxide signaling cascade that increases cardiac muscle elasticity. Howev-
er, it is unknown whether S-glutathionylation regulates the elasticity of titin
and cardiac tissue. Here, we use homology modeling techniques to show
that most immunoglobulin (Ig) domains in the elastic I-band of titin contain
cryptic cysteines, which are potential targets of S-glutathionylation triggered
by physiological mechanical protein unfolding in the heart. We choose I91 as
a representative Ig domain of titin to investigate the effects of S-glutathiony-
lation in the elasticity of the protein. Using single-molecule force-clamp spec-
troscopy, we demonstrate that mechanical unfolding of I91 exposes two
buried cysteine residues, which then can be S-glutathionylated by oxidized
glutathione in the solution. S-glutathionylation of cryptic cysteines greatly de-
creases the mechanical stability of I91, which unfolds at a rate two orders of
magnitude faster following S-glutathionylation. In addition, S-glutathionyla-
tion severely compromises the ability of I91 to fold. Both effects, which
are fully reversed by the enzyme glutaredoxin, soften the I91 domain.
When extrapolated to all the Ig domains in the I-band, our observations pre-
dict that S-glutathionylation can trigger a highly extensible state of titin.
Indeed, we show that S-glutathionylation of cryptic cysteines in titin mediates
mechano-chemical modulation of the elasticity of human cardiomyocytes.
Monte Carlo simulations illustrate that large-scale regulation of the elasticity
of titin through posttranslational modification of cryptic cysteines can be
achieved on time scales of minutes to hours. We propose that posttranslational
modification of cryptic residues is a general mechanism to regulate tissue
elasticity.
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The Effect of Interfilament Spacing on Thick Filament Structure and Cal-
cium Activation in Skeletal Muscle
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Marco Linari1, Theyenchery Narayanan3, Gabriella Piazzesi1,
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King’s College London, London, United Kingdom, 3European Synchrotron
Radiation Facility, Grenoble, France.
Osmotic compression of skinned fibers from rabbit psoas muscle with 5%
Dextran T-500, to recover the in vivo interfilament spacing, increases the
Caþþ sensitivity of force without altering maximum force (Godt and
Maughan, Pflugers Arch 391:334, 1981). We investigated the structural basis
of this effect using X-ray diffraction at beam-line ID02 (ESRF, Grenoble,
France). Bundles of 3-5 fibers were activated isometrically at different pCa
by a temperature jump from 1C to 12C. In relaxed fibers at 12C, addition
of 5% Dextran induced (i) a three-fold increase in the intensity of the first
myosin layer line, (ii) a four-fold increase in the intensity of the so-called
forbidden reflections, and (iii) 0.5% reduction in the spacings of all the
myosin-based meridional reflections. Thus osmotic compression to restore
the in vivo interfilament spacing induces recovery of the thick filament struc-
ture observed in resting intact muscle, in particular the systematic axial pertur-
bation of the three layers of myosin heads within the 43-nm repeat attributed to
the presence of links between thick and thin filaments mediated by Myosin
Binding Protein-C (MyBP-C). The [Caþþ]-dependence of active force and
the intensity of M3 reflection from the axial periodicity of the myosin heads
had a pCa50 of 6.39 in the presence of 5% Dextran, 0.4 pCa units larger
than in its absence. These results indicate that the increase in interfilament
spacing in skinned fibers impairs the signalling pathway involved in normal
Ca-activation of the contractile apparatus, probably by causing the loss of
MyBP-C links to the thin filaments.
Supported by FIRB-Futuro in Ricerca and MIUR-PRIN (Italy), MRC (UK).2294-Plat
Cryo-Em of Z-Discs Isolated from Honeybee Flight Muscle
Mara Rusu1, Kenneth A. Taylor2, John Trinick1.
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Muscle Z-discs were originally thought to have the purely mechanical function
of transmitting contractile force along myofibrils, connecting thin filaments in
adjacent sarcomeres through Z-bridges composed principally of a-actinin.
However, the Z-disc is now known to be considerably more complex, with
~40 different proteins, some of which are transient. Other Z-disc functions
identified include stress sensing into signalling pathways involving muscle
growth, remodelling and degradation. Z-discs vary widely in different muscles,
including differences in thickness and symmetry. Electron microscope trans-
verse sections of vertebrate muscle show Z-discs with tetragonal symmetry,
but with two appearances, called small-square and basketweave, with the bas-
ketweave lattice 10% smaller. The relative proportions of these states can be
modulated by several factors affecting the state of the muscle, but the signifi-
cance of this transition is not known. Invertebrate Z-discs have hexagonal sym-
metry and have been most studied in insect flight muscle. The structure of the
Z-disc is known only in outline, to ~7 nm resolution, whereas ~2 nm resolution
is required to recognise protein shapes and accurately dock crystal structures.
Isolated Z-discs are potentially useful for EM studies because they are naturally
thin and do not have to be cut into thin sections, which causes damage and loss
of resolution. Reports of methods to prepare and purify Z-discs date back 50
years, but such preparations have not been examined by cryo-EM or tomogra-
phy, which may improve resolution. Isolated Z-discs may also be valuable for
composition studies, perhaps including genetic modification. We have obtained
preliminary cryo-EM data from honeybee flight muscle Z-discs prepared by
high salt treatment of myofibrils.
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Cryo-Em Structures of the Actin:Tropomyosin Filament Reveal the Mech-
anism for the Transition from C- to M-State
Duncan Sousa, Scott Stagg, M. Elizabeth Stroupe.
Florida State University, Tallahassee, FL, USA.
Tropomyosin (Tm) is a key factor in the molecular mechanisms that regulate
the binding of myosin motors to actin filaments (F-Actins) in most eukaryotic
cells. This regulation is achieved by the azimuthal repositioning of Tm along
the actin (Ac):Tm:troponin (Tn) thin filament to block or expose myosin bind-
ing sites on Ac. In striated muscle, including involuntary cardiac muscle, Tm
regulates muscle contraction by coupling Ca2þ binding to Tn with myosin bind-
ing to the thin filament. In smooth muscle, the switch is the posttranslational
modification of the myosin. Tm can occupy the blocked, closed, or open posi-
tion on Ac, depending on the activation state of Tn and the binding state of
myosin. Using native cryogenic 3DEM (three-dimensional electron micro-
scopy), we have directly resolved and visualized cardiac and gizzard muscle
Tm on filamentous Ac in the position that corresponds to the closed state.
From the 8-A˚-resolution structure of the reconstituted Ac:Tm filament formed
with gizzard-derived Tm, we discuss two possible mechanisms for the transi-
tion from the closed to the open state and describe the role Tm plays in blocking
myosin tight binding in the closed-state position.
Workshop: Knocking Down or Turning Off:
Down-Regulation of Protein Expression
2296-Wkshp
Moonlighting Proteins: How the Lipid-Signaling Enzyme Phospholipase
C-Beta Regulates RNA Silencing
Suzanne Scarlata, Finly Philip, Shriya Sahu.
Stony Brook University, Stony Brook, NY, USA.
Gene silencing by microRNAs controls the expression of large number of pro-
teins. While many of the players of this process have been identified, their regu-
lation is just beginning to be understood. One of the key players in RNA
silencing is C3PO (Component 3 Promoter of RNA-induced silencing com-
plex). C3PO hydrolyzes one of the strands of small duplex RNA leaving the
other strand to bind to its mRNA target where it is subsequently degraded.
C3PO is an asymmetric octamer containing six subunits of the RNA binding
protein translin, and two subunits of the nuclease TRAX (translin-associated
factor X). We have recently found that phospholipase C-beta (PLCb), a key
player in transducing extracellular signals through G proteins, binds to
TRAX in solution and in cultured cells. TRAX competes with G proteins for
PLCb binding and in cells, over-production of TRAX quenches calcium signals
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of PLCb reverses RNA-interference by C3PO presumably through its interac-
tion with TRAX. However, this link between extracellular signals through G
proteins and RNA silencing is not straightforward. PLCb only reverses
silencing of specific genes. Using a set of biophysical tools, we show that the
specificity of gene silencing by PLCb lies in the hydrolytic rate of specific
RNA structures by C3PO that are affected by PLCb binding. Understanding
the molecular basis for these specific effects will allow us to understand the
more vulnerable genes.
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Slicer and the Argonautes
Christopher R. Faehnle, Elad Elkayam, Astrid D. Haase, Gregory J. Hannon,
Leemor Joshua-Tor.
HHMI/Cold Spring Harbor Lab, Cold Spring Harbor, NY, USA.
Argonautes are the central protein component in small RNA silencing path-
ways. Of the four human Argonautes (hAgo1-4) only hAgo2 is an active slicer.
We have determined structures of the catalytically active hAgo2 as well as the
catalytically inactive hAgo1, both bound to discrete miRNAs. The structures
are strikingly similar. A conserved catalytic tetrad within the PIWI domain
of hAgo2 is required for its slicing activity. Completion of the tetrad combined
with a mutation on a loop adjacent to the active site of hAgo1 results in slicer
activity that is substantially enhanced by swapping in the N domain of hAgo2.
hAgo3, with an intact tetrad, becomes an active slicer by swapping the N
domain of hAgo2, without additional mutations. Intriguingly, the elements
that make Argonaute an active slicer involve a sophisticated interplay between
the active site and more distant regions of the enzyme.
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Competition Between Micrornas and its Role in Post-Transcriptional
Regulation
Ofer Biham.
The Hebrew University of Jerusalem, Jerusalem, Israel.
miRNAs play a fundamental role in post-transcriptional regulation. It was
found that the regulation is affected by competition between miRNAs for
limiting amounts of shared components, required for their biogenesis and pro-
cessing. More specifically, they compete for Argonaute (Ago), the catalytic
component of the RNA silencing complex. Aiming to better understand the ef-
fects of competition in this context, we introduced a mathematical model and
studied the change in the expression level of target genes under a variety of con-
ditions (1). Due to the stoichiometric nature of the miRNA-mRNA interaction,
the regulation is bi-directional, namely the transcripts affect the activity of their
miRNA regulators. This implies that there should be cross-talk between
mRNAs that share a miRNA regulator as well as between miRNAs that share
common targets, which is mediated by the shared regulators and targets, respec-
tively. We have analyzed a recently published, experimentally-determined hu-
man miRNA-mRNA interactome and found that it is a dense, intertwined
network, suggesting that the effect of an expression change in a single
mRNA or miRNA could propagate along paths in the network, affecting
non-adjacent regulators and targets. Through computational modeling we
determined the parameters governing the magnitude of this propagation and
support the model by analysis of experimental perturbation data (2). Our results
offer a new view of post-transcriptional regulatory networks, expanding the
concept of ceRNAs (competing endogenous RNAs), implying significant
cross-talk within the network with far-reaching consequences for perturbation
effects.
(1) A. Loinger, Y. Shemla, I. Simon, H. Margalit and O. Biham, Competition
between small RNAs: a quantitative view, Biophysical Journal 102, 1712
(2012).
(2) M. Nitzan, A. Steiman-Shimony, Y. Altuvia, O. Biham and H. Margalit,
Long range ceRNA relay in regulatory networks, submitted for publication
(2013).
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Chimeric Switches: Cell-Fate Decisions via Microrna Dependent Regula-
tion
Herbert Levine.
Rice University, Houston, TX, USA.
Many metazoan cell-fate decisions are made via circuits involving translational
regulation via microRNA’s. This regulation involves in general modifications
of both target mRNA stability and protein production rate. The degree of
non-linearity in the "dose-response" is highly variable, and depends on the
number of 3’UTR binding sites. Here, we describe a recently derived model
of a specific microRNA circuit involved in the epithelial-mesecnchymal tran-
sition, of importance for both embryonic development and cancer metastasis.
Our results imply that the form of the regulation allows in general for a hybridintermediate state of the network, which we identify with cells undergoing col-
lective motility and simultaneously exhibiting partial epithelial and mesenchy-
nal phenotypes.
Workshop: Applications of Supported Bilayers
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Super-Resolution Methods to Understand Dynamics at Soft Interfaces
Christy F. Landes, Ph.D.
Chemistry, Rice University, Houston, TX, USA.
Super-resolution optical techniques make it possible to characterize biological
structural detail with precision of tens of nanometers, approaching the size
scale of single biomolecules. More recently, super-resolution methods have
been used to monitor dynamics at soft interfaces with similar spatial resolution.
We report direct measurement of super-resolved single a-lactalbumin adsorp-
tion/desorption dynamics at single ligands on a porous agarose support, allow-
ing the first direct test of a molecular-scale statistical theory of protein
adsorption that was developed over 50 years ago. Together with a molecular-
scale comparison of engineered vs. accidentally clustered ligands, the resulting
simulated chromatographic elution profiles demonstrate that engineered ligand
clusters should be pursued for next-generation stationary phases for ion-
exchange protein purification. More generally, this study illustrates the type
of new information that can be acquired by applying super-resolution methods
to study dynamics at soft interfaces.
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Fluorescence-Based Tension Probes to Image Mechanics at the Lipid
Membrane
Khalid Salaita, Yang Liu, Yun Zhang, Daniel Stabley, Carol Jurchenko,
Yoshie Narui, Yuan Yang.
Chemistry, Emory University, Atlanta, GA, USA.
Forces have a profound role across all living systems, and many essential bio-
logical processes ranging from development and migration to mitosis and
meiosis cannot proceed without precisely tuned mechanical signals. Despite
the importance of mechanotransduction, the molecular details relating the
magnitude, timing, and location of forces to specific biochemical pathways
remain poorly understood. The challenge pertains to developing molecular
probes that allow one to simultaneously measure biochemical activation and
mechanical tension in living systems. Herein, I will describe the synthesis
and characterization of fluorescence-based turn-on probes in molecular tension
fluorescence microscopy (MTFM) for imaging forces at the lipid membrane of
living cells. MTFM probes take advantage of fluorescence quenching as a
‘‘ruler’’, and an extendable linker as a reversible ‘‘spring’’ with a known con-
stant. Using this technique, a standard fluorescence microscope can be used to
quantify molecular tension at the cell membrane of living cells. In this talk, I
will describe the development of second and third generation MTFM probes
that allow allow one to quantify molecular forces with high spatial and tempo-
ral resolution for a wide range of receptors and cell types. I will describe the
application of these sensors to image forces associated with a range of
mechano-regulatory processes that occur at the lipid membrane of the cell,
such as endocytosis, Notch receptor activation, and integrin adhesion receptor
activation.
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Quantifying Membrane Viscosity by Monitoring the Rotational and
Translational Diffusion of Tracer Particles
Raghuveer Parthasarathy.
Physics, University of Oregon, Eugene, OR, USA.
The two-dimensional fluidity of lipid bilayers enables the motion of
membrane-bound macromolecules and is therefore crucial to biological func-
tion. However, lipid bilayer viscosity remains difficult to quantify, largely due
to the diffusion coefficients of membrane-associated tracer particles being
non-trivially related the viscosity of the underlying membrane. We address
this with a new technique in which determination of both the rotational and
translational diffusion coefficients of membrane-linked particles enables quan-
tification of viscosity, measurement of the effective radii of the tracers, and
assessment of theoretical models of membrane hydrodynamics. Surprisingly,
we find a wide distribution of effective tracer sizes, due presumably to a
wide variety of couplings to the membrane. The measured relationship be-
tween translational and rotational diffusion for two different lipids with phos-
phatidylcholine headgroups provides support for the classic hydrodynamic
models, and is also well fit by a recent extension of this model that accounts
for local membrane deformation. We further compare the effective viscosities
measured for different membrane geometries, such as planar membranes and
giant vesicles.
